AbstrAct The Rice Diversity Panel 1 (RDP1) was developed for genome-wide association (GWA) studies to explore five rice (Oryza sativa L.) subpopulations (indica, aus, aromatic, temperate japonica, and tropical japonica). The RDP1 was evaluated for over 30 traits, including agronomic, panicle architecture, seed, and disease traits and genotyped with 700,000 single nucleotide polymorphisms (SNPs). Most rice grown in the southern United States is tropical japonica and thus the diversity in this subpopulation is interesting to U.S. breeders. Among the RDP1 tropical japonica accessions, 'Estrela' and 'NSFTV199' are both phenotypically and genotypically diverse, thus making them excellent parents for a biparental mapping population. The objectives were to (i) ascertain the GWA QTLs from the RDP1 GWA studies that overlapped with the QTLs uncovered in an Estrela × NSFTV199 tropical japonica recombinant inbred line (RIL) population evaluated for 15 yield traits, and (ii) identify known or novel genes potentially controlling specific yield component traits. The 256 RILs were genotyped with 132 simple sequence repeat markers and 70 QTLs were found. Perl scripts were developed for automatic identification of the underlying candidate genes in the GWA QTL regions. Approximately 100 GWA QTLs overlapped with 41 Estrela × NSFTV199 QTL (RIL QTL) regions and 47 known genes were identified. Two seed trait RIL QTLs with overlapping GWA QTLs were not associated with a known gene. Segregating SNPs in the overlapping GWA QTLs for RIL QTLs with high R 2 values will be evaluated as potential DNA markers useful to breeding programs for the associated yield trait.
• Single nucleotide polymorphisms (SNPs) in QTLs found by genome-wide association (GWA) studies of the RDP1 for the same yield component traits and located in QTL regions discovered by the biparental mapping population were identified to validate the GWA QTLs.
• Known candidate genes were located in the biparental QTL regions and near SNPs composing the overlapping GWA QTLs.
• For biparental QTLs with R 2 values above 15.0, we determined if the allele effects in the overlapping GWA QTLs agreed with the biparental QTLs.
composed of two varietal groups (subspecies), Indica and Japonica, which have been historically recognized. With the availability of DNA markers, these two subspecies were further subdivided into five major subpopulation groups, (i) indica and aus, which are included in the Indica subspecies, and (ii) aromatic, temperate japonica, and tropical japonica, which are part of the Japonica subspecies (Garris et al., 2005) . The availability of high-density SNP genotyping provides the opportunity to further dissect the genetic diversity underlying the genes controlling traits of agronomic importance and exploit them for improving yield.
The RDP1, composed of 423 accessions, was developed for GWA studies to explore the diversity of O. sativa, represented by the two subspecies (Indica and Japonica) and the five subpopulations (indica, aus, aromatic, temperate japonica, and tropical japonica) (Zhao et al., 2011) . To exploit this association mapping panel for yield improvement, the accessions were phenotyped for 34 traits of agronomic importance commonly evaluated by rice breeders, including 21 yield component traits Eizenga et al., 2014; Zhao et al., 2011) . To conduct association mapping, the RDP1 accessions were genotyped with 44,100 SNP markers and the subsequent association mapping identified many QTLs and known genes that had been previously discovered via biparental mapping populations (Zhao et al., 2011) . To increase the power and resolution of the GWA studies, the accessions were genotyped with a high-density rice array (HDRA) composed of 700,000 SNP markers and the mapping panel was expanded with the Rice Diversity Panel 2 composed of 1445 accessions (McCouch et al., 2016) . The utility of the increased marker density and the number of accessions was demonstrated with the seed length trait.
The majority of the rice grown in the southern United States is tropical japonica and is classified as either medium-grain or long-grain (Lu et al., 2005) . In California, the short-and medium-grain rices cluster with temperate japonica and the long-grain rice clusters with tropical japonica, as well as an admixture of both temperate and tropical japonica. To this end, a better understanding of the diversity for yield and yield component traits within Japonica, especially tropical japonica, is extremely important to U.S. rice breeding programs. To further exploit the diversity uncovered by the RDP1 GWA studies and to validate the GWA QTLs, mapping populations derived from crosses between Japonica varieties, especially tropical japonica varieties, are needed but, unfortunately, only a few mapping populations are available for this purpose. Furthermore, using the diversity within Japonica would bypass the strong reproductive barriers known to exist between Indica and Japonica that are encountered by rice breeders when making intersubspecific crosses (Ouyang and Zhang, 2013) .
These limitations underscore the need to develop additional mapping populations within Japonica to achieve the ultimate goal of developing DNA markers based on the GWA QTLs for these important yield component traits, which could be used by U.S. rice breeders to expedite their breeding efforts. The objectives of this study were to (i) ascertain the GWA QTLs from the RDP1 GWA studies that overlapped with the QTLs uncovered in an Estrela × NSFTV199 tropical japonica RIL population evaluated for 15 traits related to yield, and (ii) identify known or novel genes potentially controlling specific yield component traits.
MATERIALS And METHOdS

Population Development
The tropical japonica parents Estrela (GSOR301227), originating from Colombia, and NSFTV199 (GSOR301190) of unknown origin were selected in 2009 from tropical japonica accessions included in the RDP1 (Eizenga et al., 2014) , on the basis of the available simple sequence repeat (SSR) genotyping, as both phenotypically and genotypically diverse . Subsequent HDRA genotyping with SNPs identified Estrela as an admixture of Japonica and confirmed NSFTV199 as tropical japonica (McCouch et al., 2016) . A RIL population was developed from a single F 1 hybrid that produced 369 F 2 seeds. From the F 2 seed that was planted, 314 produced F 3 seed and 299 lines were advanced to the F 5 generation by singleseed descent in the greenhouse. The F 5 seed from a single panicle was planted in the field during 2012 to obtain preliminary data and adequate F 6 seed. This F 6 seed was planted in a replicated study during the 2013 growing season and single panicles were harvested. A single plant was grown from single-panicle F 7 seed in the greenhouse during the winter months. Leaf tissue was collected for genotyping and F 8 seed was harvested. If adequate F 8 seed was produced, this seed was planted to collect a second year of field data during the 2014 growing season. If adequate seed was not available, single-panicle F 7 seed grown in 2013 was used. Based on the genotypic data (described below), progeny with nonparental alleles or a high percentage of heterozygosity were removed, thus finalizing the population size at 256 RILs.
Phenotypic Evaluation
The parents and RILs were direct seeded as single seeds in single-row plots 2.13 m in length with eight plants per row and 0.66 m between the rows. Each parent was planted as a border on each side of the tier (range). One replication was evaluated during the 2012 field season (May to October) and two replications during the 2013 and 2014 seasons. Each evaluation used a randomized complete block design planted at Stuttgart, AR, with each RIL included as a single row and the parents replicated as 19 to 22 rows randomized throughout each replication. Standard fertilization and management for irrigated rice were followed.
For phenotypic evaluation, days to 50% heading was determined across all the plants in a row. For the other agronomic traits, including plant height measured from the soil surface to the end of the longest panicle, culm habit rated as 1 (erect) to 5 (spreading), awn presence rated as 1 (no awns) to 5 (fully awned), and seed shattering (present or absent), three representative plants were selected from each row and sampled. A single panicle was harvested from each plant to determine panicle architecture traits (panicle length, number of primary panicle branches, and the total number of florets, seeds and unfilled florets per panicle) and seed traits (seed length, width, length/width ratio, and 100-seed weight). Percent panicle fertility was calculated as the number of seeds divided by total number of florets per panicle. Seed length and width were measured from ~100 seeds with their hulls with WinSeedle Pro Version 2007 software and STD4800 scanner (Regent Instruments Inc., Quebec, QC, Canada). The seed length/width ratio was calculated by dividing the mean seed length by the mean seed width for seed from each panicle. For the 2013 growing season, a single panicle was scanned as a reference for one plant of each RIL from each replication (Supplemental Fig. S1 ).
Statistical Analysis: Estrela × NSFTV199
The generalized linear mixed model (GLIMMIX) procedure in SAS version 9.4 (SAS Institute Inc., 2012) was used to perform ANOVA on the data. An initial ANOVA was used to determine if the variation among the plants within a given row was an important component of row-to-row variation. Because within-row variance was found to be a small component of the variation among the rows, an average for the plants within each row was used to expedite the subsequent analyses. Least square means (LSmeans) were based on the GLIMMIX procedure, with parent or progeny differences as a fixed effect and with year, replication nested within year, and year × parent or progeny considered to be random effects. Since parents were included in each replicate block, adjustments to LSmeans to account for some field variability were made with the random effect of replication nested within year. To obtain the best linear unbiased prediction (BLUP) estimates of the progeny means, the model was revised so the fixed effect was the difference between parents and progeny, and differences among progeny lines were included as a random effect. A normal distribution was used by GLIMMIX for all traits except seed shattering, where a binomial distribution was specified. Based on these analyses, BLUPs were used for the subsequent QTL analysis of the continuous traits and LSmeans were used for the categorical traits culm habit, awn presence, and seed shattering. The correlation (CORR) procedure in the SAS software (SAS Institute Inc., 2012) was used to determine the Pearson's correlation coefficient among these adjusted trait means.
Genotyping, Linkage Map and QTL Analyses
For the marker analyses, leaf tissue was harvested from the parents and an individual F 7 RIL plant growing in the greenhouse. DNA was extracted via a cetyl trimethyl ammonium bromide method as described in Hulbert and Bennetzen (1991) and modified by Fjellstrom et al. (2004) . Polymerase chain reaction conditions and subsequent ABI3730 DNA Analyzer (Applied Biosystems, Thermo Fisher Scientific, Waltham, MA) run procedures, including analysis of the SSR allele patterns, was performed as described in Costanzo et al. (2011) . The SSR markers were developed by McCouch et al. (2002) with the marker information and the corresponding primer sequences obtained from the Gramene database (http:// archive.gramene.org/markers/, accessed 12 Sept. 2018). Three SNP markers for the waxy locus , the SNP marker ALK for the starch synthase IIa gene (Huggins et al., 2019) , and one SNP designed for the 44,110 SNP genotyping as a functional nucleotide polymorphism to the Pita locus (Zhao et al., 2011) were also included. Initially, the parents were genotyped with 312 SSR and five SNP markers, which revealed 134 polymorphic markers with 132 markers being used to develop the linkage map. The population also was genotyped with the SSR marker AP5659_1, which is within the blast resistance gene Pi-z (Fjellstrom et al., 2006) . The markers RM190, WxIn1, and WxEx6 were used to determine the apparent amylose content of the progeny .
The linkage map was created with QTL IciMapping version 4.1 software (available at: www.isbreeding. net, accessed 12 Sept. 2018). Quantitative trait loci were identified via multiple interval mapping performed by QGene version 4.4.0 (Joehanes and Nelson, 2008) except for awn presence, where a composite interval mappingmaximum likelihood estimate was used. The scan interval was set at 2.0 cM with the Kosambi mapping function with an automatic selection of peak markers for putative QTLs as cofactors. The permuted logarithm of odds (LOD) thresholds for declaring the presence of QTLs for each trait and study were determined using QGene with 1000 permutations and α values of 0.01, 0.05, and 0.10. Multiple significance thresholds were assessed to ascertain all the colocated RIL QTLs for the related traits because, in some cases, these RIL QTLs differed in significance but were in the same chromosome region. The additive effect of each QTL and its percentage of phenotypic variance explained were also calculated.
Rice Diversity Panel 1 Statistical Analyses
To obtain the adjusted means for conducting the GWA analysis with the HDRA genotypes, the previously reported data for 2006 and 2007 (Zhao et al., 2011) were reanalyzed to include the additional phenotypic data obtained in 2008, 2009, and 2010 field trials following the same methods for the 15 traits evaluated in the Estrela × NSFTV199 population. The GLIMMIX procedure in SAS (SAS Institute Inc., 2012) was used to perform ANOVA on the data. An initial ANOVA again determined that the variation among the plants within a particular row was not an important component of row to row variation and thus an average for the plants within each row was used in subsequent analyses. LSmeans and BLUPs were based on the GLIMMX procedure, with year and replication nested within year as fixed effects, and accessions considered as a random effect for BLUPs and a fixed effect for LSmeans. A normal distribution was used by GLIMMIX for all traits except seed shattering. For the subsequent GWA analysis, BLUPs were used for the 13 continuous traits and LSmeans for the two categorical traits, culm habit and awn presence. For seed shattering, arithmetic means were used for GWA because data were limited and few accessions exhibited shattering.
Rice Diversity Panel 1 GWA Analysis
Genome-wide analysis was performed with the TASSEL pipeline version 5 (Bradbury et al., 2007; Zhang et al., 2010) . High-density rice array genotypic data (McCouch et al., 2016) were obtained from the Rice Diversity website (www.ricediversity.org, accessed 12 Sept. 2018) and filtered further for a minor allele frequency set at 0.05 or greater. Because heterozygosity is expected to be low in an inbred species such as rice, SNPs with heterozygosity >10% across accessions were filtered. SNPs with 40% or more missing calls were removed. Single nucleotide polymorphisms in the HDRA set where the 'Nipponbare' controls did not match the Nipponbare reference were also excluded. After filtering, 275,655 SNPs remained. The first three principal components and a kinship matrix with the centered identity by state option were calculated with TASSEL. The three principal components and the kinship matrix were used in a mixed linear model as covariates to correct for population structure and relatedness. When analyzing the tropical japonica, temperate japonica, and indica subpopulations separately (with less population structure), only the kinship matrix was used. For the Japonica group, composed of the temperate japonica and tropical japonica subpopulations, and the Indica group, composed of the indica and aus subpopulations, the first two principal components and the kinship matrix gave the best model fit and were used in these analyses.
Manhattan plots and quantile-quantile plots were generated with the R package qqman (Turner, 2014) based on the p-values returned from the TASSEL mixed linear model analysis for each trait. To group adjacent SNPs into significant regions, custom Perl scripts were used with a threshold value to declare a SNP significant and to find nearby significant SNPs within a specified maximum distance to determine the start and stop of pseudomolecule positions for the significant region. The maximum distance used was 50 kb and the p-value threshold was -log 10 of p > 0.05. Linkage disequilibrium among the SNPs was not considered when identifying the GWA QTLs because the SNPs were selected to not be in high linkage disequilibrium (McCouch et al., 2016) . To identify candidate genes, lists of annotated genes within 50 kb of the SNP with the highest significance in each region were obtained from the Michigan State University Rice Genome Annotation Project database release 7 Sakai et al., 2013) .
For each trait, overlaps between the RDP1 GWA QTLs and the aforementioned Estrela × NSFTV199 RIL QTLs were identified. Lists of annotated genes in the overlapping region were manually examined to identify likely candidate genes on the basis of the annotated gene functions affecting the trait of interest found in either the Oryzabase (Yamazaki et al., 2010) or QTARO database (Yonemaru et al., 2010) according to their pseudomolecule coordinates. Lastly, RIL QTL regions that did not have overlapping GWA QTLs were examined with the pseudomolecule coordinates of the SSR markers for likely candidate genes.
RESULTS
Phenotypic Evaluation
The phenotypic disparity between the parents, Estrela and NSFTV199, and among the progeny for the plant, panicle, and seed shape traits evaluated in this study was visibly evident (Supplemental Fig. S1 ). The diversity between the parents and among the 256 progeny lines measured for five agronomic traits (days to heading, plant height, culm habit, awn presence, and seed shattering), six panicle architecture traits (panicle length, primary branch number, percent fertility, number of florets, number of seeds, and number of sterile florets per panicle), and four seed traits (length, width, length/width ratio, and 100-seed weight) is summarized in Table 1 . Progeny lines with means higher or lower than either of the parents were observed for all traits except seed shattering, which was measured as a binary trait. Broad-sense heritability was highest for the seed shape traits and ranged from 31.1% for culm habit to 90.1% for seed length among all the traits.
For the agronomic traits, a normal distribution of the progeny (Supplemental Fig. S2a -e) was observed for days to heading (DTHD), plant height (PTHT), and culm habit but the distribution for awn presence was skewed toward the categories awnless, or short and partially awned. The distribution for the binary trait seed shattering indicated that the population was skewed toward nonshattering, suggesting inadvertent selection against shattering. The correlations among the progeny for the agronomic traits reflected the differences observed in the phenotypes of the parents (Supplemental Table S1 ), with a significant positive correlation (r = 0.36; p = 0.001) between increased DTHD and PTHT and a significant negative correlation (r = -0.43; p = 0.001) between DTHD and culm habit.
For the five panicle architecture traits, panicle length, primary panicle branch number, number of florets, number of seeds, and number of sterile florets per panicle, the distribution was slightly skewed toward an increase in the trait (Supplemental Fig. S2f-j) , favoring the NSFTV199 phenotype, whereas percent fertility was slightly skewed toward lower fertility (Supplemental Fig. S2k ). If we compare the range of the progeny with that of the parents for these traits (Table 1) , some progeny were more extreme than either parent, including values for panicle length and percent fertility, which were not distinctively different in the parents. For the most part, the panicle architecture traits were significantly correlated with each other and had correlation coefficients ranging from r = 0.16 (p = 0.01) to r = 0.92 (p = 0.001) (Supplemental Table S1 ). Significant positive correlations were noted between the agronomic traits DTHD and PTHT, and the panicle architecture traits panicle length, and no. primary branches, florets, seeds, and sterile florets per panicle (r = 0.19; p = 0.01 to r = 0.53; p = 0.001), whereas SPKFRT decreased in the progeny, which took longer to head (DTHD; r = -0.25; p = 0.001).
Estrela has a long slender seed whereas NSFTV199's seeds are short-grain and wider (Supplemental Fig. S1 ; Table 1 ), with Estrela having heavier seed. To capture this variation, the progeny were evaluated for seed length, seed width, seed length/width ratio, and 100-seed weight, with some progeny having seed widths and 100-seed weights beyond the value for either parent (Table 1; . The broad-sense heritability was especially high (≥84.3%) for the seed size traits. There was also significant correlation among all the seed traits (r = 0.20; p = 0.01 to r = 0.79; p = 0.001), except seed length and width (Supplemental Table S1 ). Of note, several significant correlations were observed between the seed traits, and both the agronomic and panicle architecture traits.
Quantitative Trait Locus Analysis of the Estrela × NSFTV199 Population
The 132 markers included in the linkage map were distributed throughout the 12 rice chromosomes (Fig. 1) . The total length of the linkage map created was 1318.7 cM, with an average marker interval of 10.0 cM. Some markers were more widely spaced because of monomorphic chromosome regions. The marker order within the individual chromosomes proved to be identical to their predicted order based on their physical position in the Nipponbare genome (http://archive.gramene. org/markers/, accessed 11 Oct. 2018). The χ 2 test revealed one region on chromosome (chr.) 10 with significant segregation distortion (χ 2 > 11.6, P < 0.001) because of an excess of the Estrela allele between RM222 and RM25527 ( Fig. 1; Supplemental Fig. S3 ).
Examination of the three markers on chr. 6 that were used to determine rice amylose content, WxIn1, WxEx6, and RM190 , revealed that 122 progeny lines had the alleles for low amylose content from the Estrela parent, 128 progeny had the alleles for intermediate amylose content from the NSFTV199 parent, and six lines were heterozygous, having an allele from each parent. Furthermore, the population was screened with dominant marker AP5659_1, on chr. 6, which is associated with the Pi-z blast resistance gene (Fjellstrom et al., 2006) . The progeny segregated, with 134 progeny having the Pi-z resistant allele from the Estrela parent.
Genome-Wide Analysis of the RDP1
The same agronomic, panicle architecture, and seed traits evaluated in the Estrela × NSFTV199 population were assessed in the RDP1 accessions, following the same methods. Table 1 summarizes the adjusted means and summary statistics for these traits based on data collected over 5 yr (2006) (2007) (2008) (2009) (2010) . Of note, the means for many of these traits were similar to the RIL population means; furthermore, for some traits, the extremes for the RIL population were beyond the extreme for RDP1. Traits associated with seed dimension had the highest broad-sense heritability (85.3-89.7%) and the panicle architecture traits had the lowest heritability (25.3-49.0%). Six GWA analyses were conducted for each of these traits against the HDRA genotypes with Table 1 . Summary statistics (overall mean, SE, range of progeny) and broad-sense heritability (H 2 ) of the 15 traits measured on 256 Estrela × NSFTV199 progeny lines included in the quantitative trait locus analysis (Table 3) and parents, as well as the summary statistics for the Rice Diversity Panel 1 (RDP1) accessions used in the genome-wide association (GWA) studies. Fig. S2 ). The GWA QTL regions were indicated by a significant association between multiple-linked SNPs for a particular trait. The GWA QTLs for each trait were identified and then surveyed to find the regions which overlapped with the RIL QTL regions identified in the Estrela × NSFTV199 population ( Table 2 ). The annotated genes in the overlapping GWA QTL regions were evaluated to discover possible functions related to the particular trait (Table 3) . The results of this survey revealed that over 100 GWA QTLs across the six GWA analyses were located in 41 of the 70 QTL regions identified in the mapping population and 38 known genes were possibly associated with these GWA QTLs.
Overlapping QTLs Identified in the RILs and RDP1
The QTL mapping of this Estrela × NSFTV199 RIL population for the 15 yield component traits revealed a total of 70 QTLs (Table 2) . Of these QTLs, 19 QTLs identified agronomic traits, 24 QTLs identified panicle architecture traits, and 27 QTLs were associated with seed traits.
Some of the QTL regions were larger than preferred because of the monomorphic regions that are present when the parents are from the same subpopulation. This Estrela × NSFTV199 population is one of four (Eizenga, unpublished data) developed to validate the GWA QTLs uncovered by the earlier GWA of the RDP1 for 34 traits related to yield, disease reaction, and grain quality (Zhao et al., 2011) with the aim of identifying QTLs of particular importance to the tropical japonica subpopulation and the broader Japonica subspecies. With the availability of the HDRA genotypes for the RDP1 and additional yield component data for RDP1 accessions, it was apparent that the GWA required updating to further exploit the diversity for yield improvement. Here, we used overlaps with the updated GWA QTLs as validation of the QTLs identified in the Estrela × NSFTV199 RIL population and for efficiently fine-mapping those QTLs and identifying known candidate genes that are likely to control the particular yield component trait in our population (Table 3) .
Agronomic Traits
The RIL QTL analyses ( (Kosambi, 1944) based on 132 markers of 256 Estrela × NSFTV199 F 7 progeny showing quantitative trait loci (QTLs) for agronomic traits (days to heading, plant height, culm habit, and seed shattering), panicle architecture traits (panicle length; number of primary branches, florets, seeds, and sterile florets per panicle; and percent fertility), and seed traits (seed length, width, length/width ratio, and 100-seed weight). Distorted markers are underlined. The map was created with MapChart version 2.3 (Voorrips, 2002) . Approximate positions of known genes in the QTL regions are in blue, based on Ikeda et al. (2013) and the citations listed in Table 3. 48.0% of the increase attributed to the NSFTV199 allele. Only the qDTHD4 region did not have an associated GWA QTL or a reported gene (Table 3 ). The reported genes were MADS50 in the qDTHD3 region, which promotes heading (or flowering) under long days (Komiya et al., 2009; Sun et al., 2012) ; MADS18, which induces early flowering by accelerating axillary shoot meristems (Fornara et al., 2004) in the qDTHD7-1 region; heading date-2 (HD2), which is involved with early flowering (Yamamoto et al., 1998; Ebana et al., 2011) in the qDTHD7-2 region; and heading date 5 (HD5) at 4.33 Mb, which suppresses heading under long-day conditions (Wei et al., 2010) in the qDTHD8 region. If functionally different alleles at these genes are truly present in this RIL population, this may explain why Estrela took ~75 d Table 2 . List of quantitative trait loci (QTLs) identified in the Estrela × NSFTV199 recombinant inbred line mapping population for five agronomic traits (days to heading, plant height, culm habit, awn presence, and seed shattering), six panicle architecture traits (panicle length; number of primary panicle branches, florets, seeds, and unfilled florets per panicle; and percent fertility), and seed traits (seed length, width, length/width ratio, and 100-seed weight). The population had 256 progeny and was genotyped with 132 markers. The distributions of the logarithm of odds (LOD) values and additive effects for the QTLs are plotted in Supplemental Fig. S2 to head and NSFTV199 headed about 12 d later, with the progeny lines ranging from 70 to 94 d (Table 1) . Eight PTHT QTLs were identified among the RILs with six contributing 62.6% of the variation to the allele from the taller parent, NSFTV199 (Table 2 ; Supplemental  Fig. S2b ). Overlapping GWA QTLs for plant height were located in only three PTHT QTL regions and all GWA QTLs were found in analyses that included indica accessions (Table 3) . Nine overlapping GWA QTLs were in the qPTHT1-2 region, which includes the well-known "Green Revolution" semidwarf allele sd1 with a mutation in the gibberellin 20-oxidase gene (Spielmeyer et al., 2002) , also known as the SD1 gene (Murai et al., 2011) . Of note, RM1339 has a 126-bp allele that is specific for the indica cultivar Dee Geo Wu Gen and is the source of the sd1 allele (Boyett et al., 2015; Sharma et al., 2009 ) but neither parent had this allele, suggesting that a different allele(s) was responsible for the decreased height. Other overlapping GWA QTLs in this region with SNPs in genes that produce dwarf plants when mutated include a second gibberellin-oxidase (GA2OX3) at 31.78 Mb (Sakai et al., 2003) ; Dicer-like 3 at 39.59 Mb (Wei et al., 2014) , which regulates gibberellin and brassinosteroid homeostasis; and two GH3 genes that are activated in response to auxin: GH3-1 at 33.29 Mb (Domingo et al., 2009 ) and GH3-2 at 32.22 (Du et al., 2012) , which modulates both indole-3-acetic acid and abscisic acid. Lastly, mutation of the plastochron gene PLA2 at 39.52 Mb (Kawakatsu et al., 2006) results in shorter seedlings as a result of delayed leaf maturation and inflorescence formation. Two genes affecting plant height are located in the qPTHT2 region: OsABC1-2, which regulates dark-induced senescence, resulting in shorter plants (Gao et al., 2012) , and a third gibberellin oxidase, GA2OX9 (Lo et al., 2008) . In the qPTHT9 region, ERF102 affects gibberellic acid (Joehanes and Nelson 2008) and an α value of 0.01 unless otherwise noted. ‡ Quantitative trait loci are named on the basis of the trait ontology acronyms listed in Gramene (Ilic et al., 2007) : DTHD, days to heading; PTHT, plant height; CULMHAB, culm habit; AWNPLU, awn presence; SDSH, seed shattering; PNLG, panicle length; PBRNB, primary panicle branch number; FLNBPPN, number of florets; FILGRNB, number of seeds; UNFILGRNB, number of sterile florets; SPKFRT, percent fertility; HULGRLG, seed length; HULGRWD, seed width; HULGRLGWDRO, seed length/width ratio; HHULGRWT, seed 100-grain weight. § A positive additive effect indicates that the Estrela allele increases the phenotype for that trait; a negative additive effect indicates that the NSFTV199 allele increased the trait. ¶ PVE is the percentage of total phenotypic variation explained by an individual QTL, as estimated by R 2 values from MIM analysis.
# The QTL was declared to be significant on the basis of an α value of 0.10. † † The QTL was declared to be significant on the basis of an α value of 0.05. Table 2) . DTHD, days to heading; PTHT, plant height; CULMHAB, culm habit; AWNPLU, awn presence; SDSH, seed shattering; PNLG, panicle length; PBRNB, primary panicle branch number; FLNBPPN, number of florets; FILGRNB, number of seeds; UNFILGRNB, number of sterile florets; SPKFRT, percent fertility; HULGRLG, seed length; HULGRWD, seed width; HULGRLGWDRO, seed length/width ratio; HHULGRWT, seed 100-grain weight. ‡ The physical position of the QTL region was based on the Michigan State University Rice Genome Annotation Project database release 7. § Manhattan plots of the population group the GWA QTLs were identified in are shown in Supplemental Fig. S2 . The groups included are: subpopulations tropical japonica (TRJ), temperate japonica (TEJ) and indica (IND) accessions; subspecies Japonica (JAP) and Indica-aus (IA) accessions; and all RDP1 accessions (RDP1). ¶ Gene nomenclature followed the standardized nomenclature for rice genes used in Oryzabase (Yamazaki et al. 2010) . The Committee on Gene Symbolization, Nomenclature and Linkage gene symbol was used, if available.
# The start position of the candidate gene is listed. † † RAP ID (Rice Annotation Project identification) for the candidate gene. ‡ ‡ This GWA QTL was the closest QTL to the RIL QTL region and thus was included. production, which influences internode elongation (Qi et al., 2011) .
Four culm habit QTLs were found on chr. 3, 4, 7, and 8, three of which attributed the increased spreading to the Estrela allele, the parent with a more spreading growth habit (Table 2 ; Supplemental Fig. S2c ). Overlapping GWAQTLs with known genes related to plant architecture reside in these same regions on chr. 3, 4, and 7 (Table 3) . Two genes reside in the qCULMHAB3 region: OSHB4, which affects leaf and culm angle (Li et al., 2016) , and brittle culm1, which reduces cell wall thickness and cellulose content but increases in lignin, resulting in culms that are easily broken and a spreading plant type (Li et al., 2003) . NAC2 (22.99 Mb), which promotes shoot branching and affects tiller angle (Mao et al., 2007) , is located in the qCULMHAB4 region; and Prostrate growth 1 (PROG1) (2.84 Mb), associated with a prostrate growth habit (Lin et al., 2008) , is in the qCULMHAB7 region.
No awn presence QTLs above the permuted LOD were identified for awn presence but potential QTLs were identified on chr. 2 between RM6911 and RM561, chr. 3 at RM3400, and chr. 4 between RM1236 and RM471 (Supplemental Fig. S2d ). The lack of significant QTLs was probably caused by the parents not being extremely different, with Estrela having short awns on most or all florets and NSFTV199 being awnless, with the majority of the progeny being like the parents and only a few RILs having longer awns (Supplemental Fig. S2d) . Moreover, these data were taken as a categorical trait; if this had been a continuous trait, possibly significant QTLs would have been identified. Significant awn presence GWA QTLs were identified, most probably caused by the wider range of variation in awn presence among the RDP1 accessions. A few of these GWA QTLs were in the chr. 4 RIL QTL region.
Two seed shattering QTLs, qSDSH8 and qSDSH12, were discovered, with shattering attributed to the NSFTV199 parent, which shatters (Table 2 ; Supplemental Fig. S2e ). Of the eight overlapping GWA QTLs in the qSDSH8 region and the 10 in the qSDSH12 region, only one was found in a GWA analysis that did not include Indica accessions (Table 3 ). The high number of GWA-QTL was most probably caused by seed shattering being a binary trait. Key to seed shattering is the development of an abscission zone but the regulatory pathways are unknown . Possibly, OsAHP, which is part of the cytokinin signaling pathway (Sun et al., 2014) , and the flavin monooxygenase gene OsYUCCA11, which is important in auxin biosynthesis (Abu-Zaitoon, 2014), located in the qSDSH8 and qSDSH12 regions respectively, are important in seed shattering.
Panicle Architecture Traits A total of 24 QTLs for plant architecture traits were identified on chr. 1, 2, 4, 5, 6, 7, 8, and 9, with the increase in all traits being attributed to the NSFTV199 allele, except for qPNLG6 and qSPKFRT7, where the increase was attributed to the Estrela allele ( Fig. 1; Table 2 ; Supplemental Fig. S2f-k) . Many QTLs mapped to the same chromosome region, especially QTLs for number of florets, seeds and unfilled florets, and percent fertility, where three of the traits had overlapping RIL QTLs on chr. 1 and all four traits on chr. 4 and chr. 7. Fourteen of the panicle architecture trait RIL QTLs had GWA QTLs peaks for the same trait located in the same region (Table 3) . Because these traits are interrelated, the genes controlling these traits are highly likely to influence several of the six traits through pleiotropy. To this end, we will discuss the gene(s) potentially controlling the particular panicle trait(s) by the chromosome region where the QTLs were located.
On chr. 1, grain number 1A, GN1A (5.27 Mb), a gene for cytokinin oxidase/dehydrogenase that increases grain number (Ashikari et al., 2005) , is colocated with the overlapping qPBRNB1, qFLNBPPN1, and qUNFILBRNB1. This same region, at 5.56 Mb, contains the MADS3 gene, a key transcriptional regulator in anther development (Hu et al., 2011) . The nearby but nonoverlapping qFILGRNB1 region includes both OsRAA1 at 8.59 Mb (Ge et al., 2004) , which influences root as well as spikelet development, and DPL1 at 8.66 Mb, which affects pollen germination (Mizuta et al., 2010) . Interestingly, the lax panicle 1 (LAX1, 35.56 Mb), which is associated with panicle branch number (Wang et al., 2003) , is in the qPNLG1 region.
On chr. 2 in the qFLNBPPN2 region, larger panicle at 9.04 Mb, which produces more primary panicle branches (Li et al., 2011) , was close to the GWA QTLs at 9.82 Mb. RNC2 (TFL1), which produces more panicle branching, was found at 19.57 Mb (Nakagawa et al., 2002) in the qPBRNB2 region.
Another gene controlling panicle branching, lax panicle 2 (LAX2) (Tabuchi et al., 2011) on chr. 4 (19.56 Mb) , coincides with qSPKFRT4. Close to this region at 24.05 to 30.96 Mb, QTLs for the other five panicle architecture traits were identified. Several possibilities for candidate genes in this QTL region were uncovered, with the two most likely being dwarf-17 (D17) (27.57 Mb), which affects tillering and branching and is associated with dwarfing (Zou et al., 2006) , and RFL (30.18 Mb), which affects branching and spikelet formation (Bai et al., 2016) . Also of interest is OsGPX1 (27.84 Mb), which influences the number of seeds produced (Passaia et al., 2014) and overlaps with a seed number GWA QTL identified in indica.
The two QTLs on chr. 5, qFILGRNB5 and qFLN-BPPN5, were colocated with OsMPK1 (0.84 Mb, also identified as GSN1), which regulates grain size and number (Guo et al., 2018) , and OsDHAR1 (0.88 Mb), which is associated with ascorbate and has been shown to increase panicle and spikelet numbers . No candidate genes were identified in the qPNLG6 and qPBRNB6 regions on chr. 6.
On chr. 7, the two major genes erect panicle 2 (EP2) (25.39 Mb), which affects panicle growth and elongation (Li et al., 2010) , and frizzy panicle (FZP) (28.30 Mb), which affects the number of branches and spikelets (Lee and An, 2012) , were located in the overlapping qFL-NPPN7, qFILGRNB7, qUNFILGRNB7, and qSPKFRT7. It should be noted that GWA QTLs in this region for each of these four traits were located close to both of these genes. Additionally, located in this region (24.76 Mb) is OsAP65, an aspartic protease found to be essential for pollen germination and tube growth (Huang et al., 2013) that is linked to an unfilled floret number GWA-QTL identified in Indica.
The aberrant spikelet and panicle 1 (ASP1) gene (3.65 Mb), which affects tillering and branching in rice (Wang et al., 2015) , is in the overlapping QTL region for qPBRNB8 and qFLNBPPN8. Lastly, lagging growth and development 1 (LGD1) (19.43 Mb), which causes altered panicle architecture and reduced grain yield (Thangasamy et al., 2012) , is in the qPBRNB9 region.
Seed Traits
A total of 27 QTLs were found to be associated with the four seed traits, many of which overlapped because of the interrelatedness of these traits ( Fig. 1 ; Table 2 ; Supplemental Fig. S2l-o) . For seed length, the increased length was attributed to the Estrela allele for all seven QTLs identified, with qHULGRLG3 being the major QTL, accounting for 40% of the phenotypic variation. There were six seed width QTLs, with qHULGRWD5 accounting for 38.3% of the phenotypic variation attributed to the NSFTV199 allele. Of the eight seed length/width ratio QTLs discovered, two QTLs (qHULGRLGWDRO3 and qHULGRLGWDRO5-2) were associated with 38.9 and 32.6% of the phenotypic variation, respectively, and overlapped with the aforementioned RIL QTLs, qHULGRLG3 and qHULGRWD5. The QTL qHHULGRWT3 had the highest LOD value and was located in the previously mentioned qHULGRLG3 region. Colocated GWA QTLs validated 8 of the ~15 seed trait QTL regions identified in the RILs with known genes (Table 3) .
Across the four seed traits, both Estrela × NSFTV199 QTLs and the overlapping GWA QTLs were identified on chr. 5 (Table 3 ; Fig. 1 ) in the same region as four known major genes for seed size, grain size and number 1 (GSN1) at 0.84 Mb (Guo et al., 2018) , small and round seed 3 (SRS3) at 3.20 Mb (Kitagawa et al., 2010) , grain size 5 (GS5) at 3.44 Mb (Xu et al., 2015b) , and grain width 5 (GW5) at 5.37 Mb (Duan et al., 2017) . The two major genes on chr. 3, long kernel 3 (LK3) [grain size 3 (GS3)] at 16.73 Mb (Fan et al., 2006; Takano-Kai et al., 2009 ) and grain length 3.2 (GL3.2) at 17.34 Mb (Xu et al., 2015a) , were revealed for all traits except seed width. The Chr3_16733441 SNP was selected because it is in the GS3 gene (Os03g0407400) that controls grain length (McCouch et al., 2016) . This peak SNP was identified by all six seed length GWA analyses and in the Japonica, indica, and RDP1 analyses for seed length/width ratio and 100-seed weight (Table 3; Supplemental Fig. S2l, n, o) . Proximal to this chr. 3 region, qHULGRWD3 was found, and both erect leaf1 and the identical Taihu Dwarf1 genes, which function in the in brassinosteroid signaling pathway as an ubiquitin E3 ligase-producing plants with a dwarf phenotype and short grains (Sakomoto et al., 2013) , were identified. On chr. 7, the grain length gene grain length 7 (GL7) at 24.66 Mb (Wang et al., 2015) is in the qHULGRLG7 and qHHULGRWT7 region, but more than 3 Mb distant from the GWA QTLs identified. In the qHULGRLGWDRO1-2 region on chr. 1, the aforementioned GN1A (5.27 Mb) for grain number was revealed with an indica GWA QTL. On chr. 2, the well-known gene grain weight 2 (GW2) at 8.12 Mb (Song et al., 2007; Mao et al., 2010) was in the qHULGRL-GWDRO2-1 region. In the qHULGRLG2-1 region, the MULTIPASS (OsMPS) gene at 24.57Mb, which is expressed in anthers and spikelets, affects several reproductive traits, including seed length and weight (Schmidt et al., 2013) . Lastly, the grain width 8 (GW8) gene at 26.50 Mb was in the qHULGRLG8 region but no overlapping GWA QTLs were identified in this region. The fact that eight major genes [GW2, LK3 (GS3), GL3.2, SRS3, GS5, GW5, GL7, and GW8] , which have been found to regulate grain shape through activation of the cell cycle machinery in promoting cell division (Si et al., 2016) , were identified in this Estrela × NSFTV199 population, is most probably caused by the extreme difference in seed size between the parents (Supplemental Fig. S1 ), with Estrela being a longgrain variety and NSFTV199 being a medium-grain variety.
In summary, at least one overlapping GWA QTL was identified in 41 of the 70 RIL QTL regions. For 38 of these RIL QTL regions, at least one of the GWA QTLs was found to be near at least one of the 47 known genes reported in this study, which possibly influenced the particular yield component trait. Only the qPBRNB6, qHULGRWD8, and qHHULGRWT10 regions had overlapping GWA QTLs but no known gene was identified in the RIL QTL region. It is possible that a novel gene(s) is located in these three RIL QTL regions, which could be identified by SNPs in the overlapping GWA QTLs. For the remaining 29 RIL QTL regions for which there were no overlapping GWA QTLs, possible known genes were found in 11 RIL QTL regions but the other 18 regions had no closely associated known gene.
dISCUSSIOn
This study demonstrated that several GWA QTLs for agronomic, panicle architecture, and seed traits discovered in the RDP1 are located in QTL regions for the same traits identified in the Estrela × NSFTV199 RIL population developed from RDP1 tropical japonica accessions. All but three overlapping GWA QTLs were near previously reported genes that potentially control the specific yield component. With the aim of designing DNA markers that would be useful to breeders, we examined the RIL QTLs with percentage of total phenotypic variation explained (R 2 ) values above 15.0 reported in Table 2 and determined that there were 10 RIL QTLs with overlapping GWA QTLs located in five different chromosome regions.
Allele Effects in Overlapping GWA QTLs
We began the process of designing SNP markers in these chromosome regions by identifying SNPs that were polymorphic between Estrela and NSFTV199. Subsequently, the allele effect of each polymorphic SNP was accessed to determine if the direction of the phenotypic mean for the trait allele from RDP1 was the same as that of the respective parent.
Only two agronomic trait QTLs contributed 15% or more of the phenotypic variance and had overlapping GWA QTLs: qDTHD3 and qDTHD8. No segregating SNPs were identified in the qDTHD3 region and only two SNPs were found in the qDTHD8 region. The allele effect for both SNPs agreed with the allele mean for RDP1; in other words, the accessions with the NSFTV199 allele took longer to head.
Two RIL QTLs for panicle architecture traits, qFL-NBPPN7 and qUNFILGRNB7, as well as qHHULGRWT7 for seed weight, had high PVE values and had colocalized GWA QTLs. Of the nine polymorphic SNPs identified across these three QTLs, the allele effects for seven SNPs were in agreement with the RIL QTLs.
Two regions, one on chr. 3 and the other on chr. 5, were associated with the QTLs for seed traits with high PVE values. Several segregating SNPs were near the aforementioned functional SNP, Chr3_16733441, which controls grain length (McCouch et al., 2016) , with the Estrela allele being associated with longer grain (qHULGRLG3), heavier grain (qHHULGRWT3), and a higher length/ width ratio (qHULGRLGWDRO3) for all SNPs inspected. In addition to the Chr3_16733441 SNP, 12 other significant polymorphic SNPs were discovered in this region. The allele effect for all of these SNPs in overlapping GWA QTLs was in agreement with the RIL QTLs.
In the chr. 5 region, two QTLs (qHULGRWD5 and qHULGRLGWDRO5-2) had eight polymorphic SNPs, with several other significant SNPs being near the Chr5_5355339 SNP found in the Japonica GWA QTLs. Of note, two significant SNPs, Chr5_4295430 and Chr5_4926453, which were found in the RDP1 GWA QTLs, had the opposite allele effect to Estrela and NSFTV199 but when these SNPs were significant as Japonica GWA QTLs and tropical japonica GWA QTLs respectively, the allele effect agreed with that observed in the parent. The allele effects of all other significant SNPs agreed with the Estrela and NSFTV199 parents, with Estrela having a narrower seed and a higher length/width ratio.
These results validate the idea that the significant segregating SNPs found in the overlapping GWA QTLs are potentially useful as markers for the appropriate trait. Of note, most or all of these SNPs were identified in the GWA analyses that included Japonica accessions rather than those that only contained Indica accessions. These significant SNPs will be examined further to determine if markers that would be useful to breeders could be developed for the particular trait of interest. Once developed, the markers will be tested in other RIL populations and GWA mapping panels.
Genome-Wide Association QTLs Identified in Other Studies
To further validate the RDP1 overlapping GWA QTLs, we compared the Estrela × NSFTV199 RIL QTLs with the overlapping GWA QTLs discovered in several other diversity panels, most of which included Japonica accessions, as summarized in Verdeprado et al. (2018) . Yano et al. (2016) phenotyped a set of 176 Japonica rice varieties bred for various Japanese environments and examined agronomic and panicle architecture traits in GWA studies via whole-genome sequencing. Days to heading GWA QTLs were discovered in the qDTHD3, qDTHD7-1, and qDTHD7-2 RIL QTLs regions. Plant height GWA QTLs were near the RIL QTLs qPTHT1, qPTHT2, and qPTHT3. In a similar study by Begum et al. (2015) , GWA mapping of 369 irrigated elite indica rice breeding lines, phenotyped for most of the same traits and genotyped via genotypingby-sequencing, revealed three overlapping GWA QTLs for agronomic traits in the qDTHD3 and qPTHT3 regions, like Yano et al. (2016) , and in the qDTHD8 region but no overlaps with panicle architecture traits.
For the panicle architecture trait, Yano et al. (2016) reported a panicle length GWA QTL that was in the qPNLG4 region and numerous SNPs associated with florets per panicle number GWA QTLs were in both the qFLNBPPN2 and qFLNBPPN4 RIL regions. Zhang et al. (2015) phenotyped 315 RDP1 accessions for panicle architecture and seed traits in Yangzhou, China, but found few overlapping GWA QTLs when the same accessions were grown in the two different locations, China and Stuttgart, AR. Notably, the numerous significant SNPs identified in primary panicle branch number GWA QTLs for these accessions grown in China overlapped with the RIL QTLs qPBRNB1 and qPBRNB4 but no primary panicle branch number GWA QTLs were found when these accessions were grown in Arkansas.
Seed traits were investigated in several different GWA studies with overlapping GWA QTLs identified in the RIL QTL regions on chr. 3, which includes GS3, and on chr. 5, which contains qSW5. On chr. 3, overlapping GWA QTLs for seed length (Misra et al., 2017; Yang et al., 2014; Zhang et al., 2015) , seed width (Misra et al., 2017) , seed length/ width ratio (Misra et al., 2017; Yang e al., 2014; Zhang et al., 2015) , and 100-seed weight (Yang et al., 2014) were found in the same region as three RIL QTLs, qHULGRLG3, qHULGRLGWDRO3, and qHHULGRWT3. On chr. 5, overlapping GWA QTLs for seed width and length/width ratio (Begum et al., 2015; Biscarini et al., 2016; Misra et al., 2017; Yang et al., 2014; Zhang et al., 2015) were discovered in the region of the RIL QTLs qHULGRLG5, qHULGRWD5, qHULGRLGWD5-2, and qHHULGRWT5. Five other overlapping GWA QTLs were reported for seed length/width ratio, including RIL QTLs on chr. 1 in the qHULGRLG-WDRO1-2 region, which includes GN1A (Begum et al., 2015) ; on chr. 2 in the qHULGRLGWDRO2-1 region, which includes GW2 (Begum et al., 2015; Biscarini et al., 2016) ; and on chr. 7 in the qHULGRLG7 and qHHULGRWT7 region, which includes GL7 and GW7 (Begum et al., 2015; Misra et al., 2017) . In this same chr. 7 region, GWA QTLs for seed length (Begum et al., 2015) and seed width (Misra et al., 2017) were identified. Of note, Yang et al. (2014) reported a novel overlapping GWA QTL for seed width on chr. 2 in the qHULGRWD2 region, which is near qHULGRLGWDRO2-2 and qHULGRLG2-2 and the GWA QTLs for seed length and seed length/width ratio that were reported by Begum et al. (2015) . Lastly, on chr. 10, Misra et al. (2017) found a novel GWA QTL for cooked grain shape in the qHULGRLG10 and qHHULGRWT10 region. It is significant that other studies also discovered these regions on chr. 2 and 10, further supporting the hypothesis that novel genes for seed traits are potentially located in these regions.
This discussion highlights the fact that seed trait QTLs, especially for major cloned or fine-mapped genes controlling seed size, are easily identified compared with agronomic traits and especially panicle architecture traits, which are particularly important to improving yield by obtaining more seeds per panicle. This could be influenced by the fact that rice seed is selected to fit predetermined market classes and consumer taste preferences, whereas panicle architecture is determined by the breeders and farmers cultivating the rice.
Furthermore, this study demonstrates the abundance of diversity found in Japonica, especially tropical japonica, for panicle architecture traits. This diversity should be exploited for increasing grain yield by increasing the number of panicle branches, which would then increase the number of florets per panicle, ultimately increasing the number of seeds. The seed traits could be used to produce heavier seed, which would further increase yield. What is significant is the amount of diversity available to breeders for rice yield improvement within tropical japonica, thus bypassing the strong sterility barriers that exist between the Japonica and Indica subspecies. This leaves only the minor sterility issues that exist between the temperate and tropical japonica subpopulations and accessions.
COnCLUSIOnS
This study demonstrated that it is possible to identify both known candidate genes and possible regions where novel genes may be located by surveying the overlapping regions identified by RIL QTLs and GWA QTLs. With several association mapping panels like RDP1 now available along with the genotypic data, a plausible approach is to screen the panel for the trait of interest and select diverse parents to further dissect the trait of interest.
This study demonstrated that a biparental mapping population developed from very diverse tropical japonica parents like Estrela × NSFTV199 can uncover a significant range of diversity for all 15 yield component traits we evaluated. Conversely, this indicates that it is not necessary for breeders to cross between the varietal groups Indica and Japonica, which have strong sterility barriers, to access useful genetic variability. Although no QTLs were identified for one trait (awn presence), of the 70 QTL identified among the RILs, 41 QTLs were validated with GWA QTLs among the RDP1. Further validating the QTLs identified within the biparental RILs, 47 different known genes reported to control the same or similar traits in other populations, were located in 49 RIL QTL regions, and 38 of these 49 RIL QTLs validated by the GWA QTLs. The fact that transgressive variation was observed for all the traits evaluated and the broad-sense heritability ranged from 31.1 to 90.1% suggests that selected progeny should be further evaluated for yield and the appropriate grain quality traits for rice breeding programs to use for future cultivar development. The broader impact is that this study suggests it should be possible to develop markers for these extremely important yield traits, especially those associated with the GWA QTLs identified by the increased SNP density, thus expediting cultivar development. The results of this study can be extrapolated to other crops, especially those which have GWA panels available for phenotyping.
Supplemental Information
Supplemental Fig. S1 : Images of plants, panicles and seed of the parents, Estrela (GSOR301227) and NSFTV199 (GSOR301190) and selected progeny to illustrate the phenotypic differences between the parents and the variation among the RIL progeny summarized in Table 1 .
Supplemental Fig. S2 : For each of the five plant morphology traits [(a) days to heading, (b) plant height, (c) culm habit, (d) awn presence, and (e) seed shattering], six panicle morphology traits [(f) panicle length, (g) primary panicle branch number, (h) number of florets, (i) number of seeds, (j) number of unfilled florets per panicle, and (k) percent fertility], and four seed traits [(l) seed length, (m) seed width, (n) seed length/width ratio, and (o) 100-seed weight], the frequency distribution of the 256 Estrela × NSFTV199 RIL progeny for the specific trait is shown first, with a thin blue arrow indicating the trait value for the Estrela parent and the thick red arrow for the NSFTV199 parent. The Tukey outlier box plot illustrates the distribution for the traits that were measured. Second, the distribution of the LOD values and additive effects of the significant QTLs (Table 2 ) for the particular trait is shown. For each plot, the LOD value (upper distribution) and the additive effect (lower distribution) are on the y-axis and the cM position of the marker is on the x-axis. The additive effect is positive when the increase is caused by the Estrela (Est) allele and negative when the increase is caused by the NSFTV199 (NSF) allele. Third, the Manhattan plots of the particular traits are shown using the 100 tropical japonica (TRJ) accessions in the RDP1 (Eizenga et al., 2014) , 97 temperate japonica (TEJ) accessions, 197 Japonica (JAP) subspecies accessions including both tropical and temperate japonica, 83 indica (Indica) accessions, 138 Indica (IA) subspecies accessions including both indica and aus accessions, and 395 RDP1 accessions that had HDRA genotypes. The significance at P = 5 is indicated on the six Manhattan plots for each trait.
Supplemental Fig. S3 : Segregation distortion detected across the 12 rice chromosomes is shown as χ 2 values for the deviation from the expected segregation ratio in the y-axis. The markers are ordered by chromosome (chr.) and cM position on the x-axis for the map constructed from 132 SSR markers and genotypes of 256 Estrela × NSFTV199 RIL progeny. Not all the marker names are listed on the x-axis because of space. Figure 1 lists all the marker names. Black lines between the markers indicate the division between individual chromosomes. A value of χ 2 > 6.5
